Using density functional theory, we calculate the charge redistribution incurred upon forming multiwall carbon nanotubes, or by sandwiching initially isolated single-wall nanotubes between graphene layers. In these systems, we observe a significant charge transfer between the electron system of the tube walls and a newly formed interlayer state. We discuss the direction of charge flow in terms of the interlayer hybridization and work function differences in the composite systems. Carbon nanotubes 1 have attracted much attention from the viewpoints of science and technological applications because of their unique electronic and mechanical properties. Prior to experimental confirmation, it was predicted that a single-wall nanotube ͑SWNT͒ can be either semiconducting or metallic, depending on its helical pitch and diameter.
Using density functional theory, we calculate the charge redistribution incurred upon forming multiwall carbon nanotubes, or by sandwiching initially isolated single-wall nanotubes between graphene layers. In these systems, we observe a significant charge transfer between the electron system of the tube walls and a newly formed interlayer state. We discuss the direction of charge flow in terms of the interlayer hybridization and work function differences in the composite systems. Carbon nanotubes 1 have attracted much attention from the viewpoints of science and technological applications because of their unique electronic and mechanical properties. Prior to experimental confirmation, it was predicted that a single-wall nanotube ͑SWNT͒ can be either semiconducting or metallic, depending on its helical pitch and diameter. 2, 3 Whereas the conductance behavior of SWNTs can be basically understood based on the electronic structure of a graphene monolayer, there is no such simple relationship to planar graphite for the band structure and density of states of narrow SWNTs. There, the large curvature of the walls causes a hybridization between the * and * electron systems which are decoupled in graphite. As a consequence, all SWNTs with a diameter below 7 Å have been predicted to be metallic, independent on their helical pitch. 4 Further modifications in the electronic structure are introduced due to interwall interaction in multiwall nanotubes ͑MWNTs͒. Interest in these systems is rising due to recent synthesis of double-wall nanotubes ͑DWNTs͒ by fusion of fullerenes encapsulated in SWNTs. 5, 6 Due to low density of states at the Fermi level and close proximity of van Hove singularities, even a minute charge redistribution in nanotubes may significantly modify their conducting and superconducting behavior. 7, 8 Drastic effects due to charge transfer are expected in nanotube-based electronic devices. 7 In double-wall nanotubes, theoretical studies have addressed the effect of interwall interactions on the equilibrium geometry 9 and electronic structure. 10 So far, there have been no self-consistent calculations that would focus on the electrostatic potential and charge distribution in nanotubes with multiple walls.
Here we show that the presence of an interwall interaction in DWNTs modifies the electronic states close to the Fermi level, thus revealing the atomic arrangement within both walls to scanning tunneling microscopy ͑STM͒ 11 and resonant Raman spectroscopy. 12 Our self-consistent calculations also indicate that, depending on the diameter of the individual tubes, there is a charge transfer that shifts the energy bands by up to 0.3 eV, a significant value in device physics. We find the charge transfer to occur not only from one tube to another, but also to a newly formed interwall state. This state, reminiscent of the interlayer state found in graphite, 13 may affect the conductivity of DWNTs.
14 Due to the local curvature and rehybridization between the * and * states, we suspect the work function of nanotubes to be higher than that of graphite. This appears to be confirmed by the direction of charge flow in a system consisting of nanotubes sandwiched between graphene sheets. Unfortunately, the potential in DWNT systems, consisting of pairs of (n,n) ''armchair'' nanotubes, is different from that of the isolated SWNT components. The direction of charge flow may then not be correlated with SWNT work function differences. The importance of the self-consistent potential is emphasized by the lack of correlation between the work function and tube diameter, when judged by charge transfer only.
In this work, we have performed first-principles calculations using density functional theory within the local density approximation ͑LDA͒. For the LDA exchange-correlation potential, we used the Perdew-Zunger functional 15 fitted to the Ceperley-Alder results. 16 Soft nonlocal pseudopotentials 17 in the separable form 18 were used to express interactions between valence electrons and ions. A plane wave basis set with a kinetic cutoff energy of 40 Ry was used to expand the Bloch valence wave functions. In the threedimensional periodic lattice used in our calculation, we used hexagonal unit cells with the c axis parallel to the tube axis. The unit cell size was chosen to keep the distance between the walls of adjacent tubes at 7 Å, to prevent wave function overlap between neighboring cells. To perform the momentum space integration for DWNTs, we sampled the first quasi-1D Brillouin zone by 18k points. In the following, we focus mainly on the (5,5)@(10,10) double-wall nanotube, consisting of a (5,5) inside the (10,10) nanotube. We also find this system convenient for the sake of simple comparison with previous calculations. 9, 10 We also investigated charge redistribution profiles in other systems, namely (4,4)@(9,9), (4,4)@(10,10), (4,4)@(11,11), (5,5)@ (11, 11) , (6,6)@ (11, 11) , and (6,6)@(12,12) doublewall nanotubes.
When computing the electronic structure of (5,5)@(10,10) nanotubes, we considered two different geometries, one of them symmetric and the other one asymmet-ric. In both cases the tubes are coaxial. In the symmetric geometry the two nanotubes maintain the common fivefold symmetry. In the asymmetric geometry, which was also considered in Ref. 10 , the fivefold symmetry is broken by first rotating the (5,5) nanotube by 3°from the symmetric orientation and then shifting it axially by half a lattice constant. Figure 1 shows the computed band structures of the symmetric and asymmetric (5,5)@(10,10) nanotubes, which resemble those obtained by the tight-binding ͑TB͒ method. 10 In the symmetric (5,5)@(10,10) system, four bands cross near the Fermi level. In the asymmetric case, band crossing is not allowed, causing the formation of four pseudogaps in the density of states. Since TB and LDA give similar band structures, the subtle differences in the charge distribution and character of wave functions close to E F have been missed for a long time. While the inter-layer hybridization opens up pseudogaps in the electronic structure, it also modifies the character of the corresponding wavefunction near E F , as shown in the rightmost panels of Fig. 1 , and hence is likely to affect the conductivity of multiwall nanotubes. 14 The eigenstate characteristics near E F of the asymmetric (5,5)@(10,10) nanotubes are displayed in the rightmost panels of Fig. 1 as contour maps of the corresponding charge densities. The state labeled ␣ is located 0.03 eV above E F , whereas the ␤ state lies 0.03 eV below E F . These eigenstates are close to the pseudogap region and are predominatly formed by the orbitals of the inner (5,5) nanotube. Meanwhile, tails of these wave functions extend out to the region occupied by the outer (10,10) nanotube, where they reflect the atomic arrangement of the inner tube. We therefore expect that STM and STS spectra for very small bias voltages, which sample a very narrow energy region around E F , can provide information about the atomic structure and relative orientation in multiwall nanotubes. 11 This rather subtle effect, confined mainly to the pseudogap region very close to E F , has been apparently overlooked in previous simulations of STM images of multiwalled nanotubes that were performed for larger bias voltages.
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Next we discuss the self-consistent charge redistribution in the (5,5)@(10,10) DWNT. Figure 2͑a͒ displays the accumulated and 2͑b͒ the depleted charge in the asymmetric (5,5)@(10,10) nanotube with respect to the superposition of isolated (5,5) and (10,10) nanotubes. We find it intriguing that the charge transfer does not mainly occur from one tube to another, but rather from the outer (10,10) tube to the intertube region. We find this behavior not to depend on the tube orientation, and to occur for the symmetric (5,5)@(10,10) arrangement as well. We found the amount of charge transfer of 0.09 electrons per period, corresponding to sixty carbon atoms within a 2.46 Å long axial tube segment, to be considerable. The (10,10) nanotube therefore can be viewed as being hole doped by the inner (5,5) nanotube. A very similar charge transfer is also seen in a hypothetical situation, in which arrays of (10,10) nanotubes are sandwiched in-between graphene sheets, as shown in Fig. 3͑a͒ . The character of the state which accommodates the extra charge is very similar to the interlayer state found in graphite. 13 The charge redistribution within this system, shown in Figs. 3͑b͒ and 3͑c͒ , is determined by subtracting superposed charge densities of neutral, isolated (10,10) nanotubes and graphene monolayers from the total charge density of the bulk system. As shown in Figs. 3͑b͒ and 3͑c͒ , the depleted charge stems from the electron system of the graphene layers. This result is consistent with the intuitive interpretation that the work function of nanotubes is higher than that of graphite, as confirmed by recent photoemission data. 21 Recently, a similar charge redistribution profile has also been discovered in ''peapods,'' consisting of fullerene chains encapsulated in nanotubes. 22 Similar charge accumulations in the interwall region were also found in (4,4)@(9,9),(4,4)@(10,10),(4,4)@(11,11), and (6,6)@(11,11) double-wall nanotubes. Among these, the (6,6)@(11,11) DWNT shows a -electrons depletion of the outer (11,11) nanotube, same as the (5,5)@(10,10) nanotube. On the other hand, in other (4,4)@(n,n) pairs, with n ranging from 9 to 11, the charge depletion occurs in the inner (4,4) nanotube. As for the (5,5)@ (11, 11) and (6,6)@(12,12) nanotubes, the direction of the charge transfer is unclear. Thus we conclude that the direction of charge flow does not simply follow an ordering scheme based on tube diameters, not even for the same helical pitch.
In general, the direction of charge transfer between two weakly interacting systems is determined by the difference of their work functions. An intriguing question is, whether the intertube interaction in multiwall tubes can be considered weak enough to allow the extrapolation of work functions for isolated single-wall tubes.
For solid surfaces, the asymptotic form of the selfconsistent potential in the direction normal to the surface was used to determine the work function in a periodic array of slabs. 23 As we show in Fig. 4 , the self-consistent potential V tot of the dilute periodic lattice of (5,5)@(10,10) nanotubes does not converge sufficiently fast the intertube region to allow a similar work function extrapolation. This slow convergence is chiefly due to the asymptotic behavior of the Hartree and local-ionic potentials which diverge logarithmically with increasing distance from charged cylindrical objects. 24 Due to the even smaller interwall than intertube distance in DWNTs, the changes in the crystal potential due to the presence of the other tube and the interwall interaction are likely to significantly modify the potential of the individual tubes, making extrapolations of their work function in this geometry even more difficult. We believe that the calculation of accurate work function values for nanotubes of a given diameter and helical pitch is nontrivial, since it requires considering a very large vacuum region away from the tube. We should also note that, in reality, a finite length of nanotubes must affect their work function.
Since the charge flow in a multiwall system is not simply correlated with the work function difference of the individual tubes, we seek in the following to explain its origin in terms of the interwall hybridization. These considerations have to take into account not only the curvature-induced changes in the electron system of the tubes, but also their interaction with the newly formed interwall state. Our calculations indicate that in planar hexagonal graphite, there is no charge flow into the interlayer region. 25 We conclude that the involvement of the interwall state in the charge redistribution is closely related to the curvature of the tube walls.
As shown in previous calculations, 4 the tube wall curvature causes a *-* hybridization which is suppressed by symmetry in planar graphite monolayers. We expect that the modified (*) and (*) system of electrons will interact with the interlayer state. The degree of rehybridization within the MWNT system, as compared to graphite, depends not only on the curvature of the individual tubes, but even more importantly on the interwall distance and the atomic registry between adjacent walls. Judging from very similar charge redistributions found for the symmetric and asymmetric (5,5)@(10,10) DWNTs, the chirality and diameter of the individual tubes matter more than relative tube orientations. It is difficult to pinpoint the dominant eigenstates responsible for the charge transfer into the interwall region, since the charge redistribution has contributions from many eigenstates, some of them far below E F . Also, there appears to be a significant hybridization between these deep states and the interlayer state.
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The possibility of hole doping of composite systems containing nanotubes and fullerenes without halogen or other impurity atoms, as predicted for the (10,10) nanotube within the (5,5)@(10,10) double-wall system, opens new possibilities for engineered electronic devices. Recently, hole doping was shown to significantly increase the superconducting transition temperature T C of supported fullerene layers. 26 We expect that hole doping will modify the conductivity of nanotubes, and may even lead to higher T C values for nanotube-based superconductors.
Finally, we briefly address the exfoliation energy in MWNTs. Due to the curvature-induced reactivity increase, we expect that the energy to separate nested nanotubes should exceed the exfoliation energy of graphite (0.054 eV/ atom experimental, 27 0.025 eV/atom theoretical.
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͒ Our value of 0.07 eV per unit cell containing sixty atoms in total lies significantly lower. We suspect that the present k point sampling, even though finer than in previous work, 9 is still not sufficient enough to probe the density of states in the vicinity of the Fermi level in (5,5)@(10,10) nanotubes with sufficient accuracy. We believe that a precise determination of the exfoliation energy of nanotubes will involve a very dense k point mesh probing the eigenstates near E F .
In summary, we calculated the self-consistent charge density and potential profiles for double-wall nanotubes, considering constituent tubes of various chiralities, and for singlewall nanotubes sandwiched between graphene layers. We found that the atomic structure of the inner tube modifies the charge density associated with states near E F even outside the outer tube, so that it can be probed by STM. A significant amount of charge, originating mainly from the electron system of the tubes and graphite layers, is transferred mainly into a new interwall state, related to the interlayer state of graphite. The associated hole doping, occurring in individual tubes, will affect their conducting and possibly superconducting behavior. Our results indicate that the work function of nanotubes is larger than that of graphite, and that work function differences between single-wall tubes cannot be deduced easily from the charge transfer in double-wall systems.
All calculations were performed on the SX4 supercomputer system at the NEC Tsukuba Laboratories. This work was performed under the management of Frontier Carbon Technology supported by NEDO. This work was also supported by Grant-in-Aid for Scientific Research, Priority Area ͑#402͒ ͑1977͒. 24 We have reset the Gϭ0 component of both V ion and V H to zero in Fig. 4 , which corresponds to a uniform energy shift. 25 The charge flow in bulk graphite was investigated in analogy to the procedure used for nanotubes, by subtracting the superposed charge densities of graphene monolayers from the total charge density of graphite. In hexagonal graphite with AB stacking, we observed only a minute charge transfer between the two inequivalent atoms. The direction of the charge transfer, involving the electron system, was towards the atom facing neighboring atoms in the adjacent layers. 
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